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emorandum concerning a pumping test at Gas City, Indiana,
with 2 datailed diacusaion of the methods used in the guantitative
analyeis of water-well intsrference problems.,

by John G. Ferris

Introduetion

In recognition of the valus of water as an essential natural resource,
a state-wide investigation of water rescurces was begun in July 15L3 by the
Indiana Department of Conservation and the U, 5. Geological Survey. Some of
the maln purposss of the work are to determine the amnual range in fluctu-
ation and the general long-time trend of the water table, to determine the
quantities of underground storage and the rates of replenishment of the
water-bearing formations and to ¢biain information on the occcurrence and
availability of ground water in Indiana, During the present emergency, a
major function of the ccoperative investigaticon has been to make many shord
invastigations assisting in the maintenance of adequate water supplies for
mnieipal and industrial use which are wital to the war effort,

Some of the localized problems of the communities and industries have &
direct bearing on and are interrelated with the broader county-wide and state-
wide problens of water resources, In dome instances the solution of certain
thases of these local problems may be accomplished by a relatively small
amount of fisld work and yet, yield & high return to the peneral state-wide
program, For such cases as the dirsctor of the water resources division
deems justifilable it is general practice to incorperate only thoze phases
of the local problems that are of greatest benefit to the state-wide in-
vestigation. The complete solution of these localized problems of grounde-
water supply will entall active interest by the locally interested groups
through cooperation with the Indiana Department of Conserwation,

The broadsr regional aspects of the brisf investigation govered by this
report will be included in a later report covering perhaps a county unit,

However, in recognibtion of the great interest shown by waterworks operators,



stote and eity emrinsere, consulting engineers ond well drillers in the teache
nique used in enalyzing problems of interference between wells or well groups,
in the plamning of ground-water develepments, this report presents n detalled
disoussion of the step-by-step procedurs involved, It is intonded to demon-
strate thot cefinite solutions of ground-water problems cen be affected by
sound en-insering msthods based on the date collected under the prasent go-
oparotive water-resources progrem. The derivations of the varlious lermuloe
sre omitted in an effort to simplify the presentation sf the methods. For
these whe arc intsrssted, references aro quoted covering the pppropriate
raparts thet confﬁin theze dorivntions.

The city of Gas City, Indlana is located in the southeast guartsr of
firont County nser the centrzl port of the norihoaost quadrent of the Stnte,
The municipally mmed water supply is pumped from o group of four wells
located ot the vaterwerlis stetien on the south side of south H, Street,
ebout midray Yetivmen the lississinews River snd the P.C.0. aend 3t, L. R, R.
The wmier sun)ly systen, whieil Is about & percent netered, serves ¢ populae
tien of 3,00, with a rango in eversre deily econsumption in 19143, from
171,000 ol lons in Janvary teo 297,000 gellens in August, ond an average
dally emsumption for the year of 21,000 gellons. PFPertinont date concern-

ing the uresent w:lls in use by the welerworks station are tobuleted below:

EEEEing equipment
Tl Data Digametor Lepth Sourco npacity .nted
Mo, Lrilled Driller in inches in fewnt formation Type in GFM P
1 1kl Strammel 10 333 *Lg Turbins 110 o3
2 1042 Krovss and 10 ple *Ls Turbine 300 15

Bons
3 mwm mm—— e g leg *Lsg Furbine — 10
L 1522 Stremiel 10 60 it Vortical === i
plumger
+=Limostonc ¥ Gravel

Information su;lied by T. 8. lloKes, Supt. of the Ges City ‘later ‘ierks,

indlzcetes that the static levcl nt the station vms about 75 feet below the
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land surface in 1912 and about 110 feet below the land surface in hay 1944.
Although data on dremdowns and pumping levels are not available, the driller
aof well 2 reported that a S-inch turbine pump was installed in this well with
the bottom of the S-foot howl section at a depth of 145 feet below land sur-
face and the bottom of the 25-foot tail pipe at 170 feet below land surface,
It was noted by the drillsr that the pumping of well 2 caused consideratle
interference with the other rock wells at the station., OSubstantial declines
in the yield of the wells at this station have been experienced cover a per-
iod of years and it has been necessary in extended dry pericds to pump all
wolls to capscity, on almost continuous service, in order to meet the ex-
isting demands upen the system.

Under the direction of Clyde E, Williams, consulting engineer, test
drilling was started by the Layne-Northern Company, in the spring of 19LlL,
in an effort to locate a favorable site for the development of a more sde—
quate water supply to replace the overdevelcoped bedrock well supply. The
first test well, designated as test well 1, was drilled at the site shown
on the accompanying map, Fig, 1. A log of tha materials penetrated in this
test well is shown in Fig. 2, Inasmuch as no suitable water-bearing form-
ations were found at this site, the test hole was abamdoned and drilling
was contimued at the site ghown &85 test well 2. 45 indicated by the log
of test well 2, s relatively thick bed of water-bearing sand was encountered
at a depth of 120 to 165 feet below the land surfacs, and it was felt that
this site could be developed for the new supply well. However, the Owens-
Illinois Glass Company, located adjacent to the new well site, raised the
question as to whether the development of the well at the proposed site would
result in any loss of yield or lowering of the water level in wells owned by
the Jlass Company. The U, 5. Geological Survey was resaquested by the Indiana
State Board of Health, through Leo Louis, sanitary engineer, to assist in

the determination of possible interference hetween a well at the new site
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and the existing wells of the Owens-Illinols Glass Gompany.

Accordingly, on June 19, 194k, arrangements were made with the Layne-
Northern Gompany and the Owens-Illinmois Glass Company for the U. S. Geological
Survey to install an automatic water-stage recorder on isst well 2 in ordsr
o observe the flustuations of water level in this well caused by pumping
well 3 of the Owens-Illinois Glass Company, This well normally operates
intermittently during the day in responss to a pressure control installed
in an elevated storage tark at the plant, The averags daily usage is esti-
mated by R, G, Garland, Plant Supt., as about 500 gallons per minute through-
gut a 2L-hour perisd. The reported yisld of well 3 iz 750 gellons per minute
with an estimated operating pericd of 16 hours per day, which is equivalent
to the average daily rate of 500 gallons per minuite. The pumping well was
idle at the time of the inétallatinn of the recorder on test well 2 and was
allowed to remain idle as long as possible in order to reduce the amount of
storage in the elevated tank, =o that a relatively long pumping period could
be assvred for the test, The well pump was started at 1:2% p.m. on June 19,
15h);, and was pumped continuously at a rate of 750 gallons per minute until
9:3L p.m., a pumping period of eight hours and five minutea, At this time
the elevated storage tank had reached the overflow point and the well puap
was shut down and the well allowed to remain idle uptil midnight. A graph
of the flurtuation of water level in test well 2 produced by this peried of
controlled pumping is shown as Fig. 3.

Geology

The Gas City area is underlain by thick deposits of glacial material,
consisting of clay, hardpan, sand and gravel, which range in thickness from
ahout 70 to 190 feet, The clays and hardpans are relativ=ly imp=umenhle
and yield 1ittle water, The sands and gravels are generally clean and
permeable and large quantities of water are stored in the interstitial

spacas between individual fragments, The clays and hardpang were more or
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legs "dumped" in place by the ice shset as it became overloaded or as it
melted., These deposits are generally unsorted mixtures of clay, rocks, sand
and gravel and are wsually unstratified, The sand ad gravels were carried
from the ice Iront by running water and are usually ¢lean, well sorted and
stratified, as the finer materials have been washed away. The sand and gravel
deposits are generally long and narrow, having been laid dowm by streams which
Filowed away from the ice front.

& deeply-buried valley, known a3 the "Deep DBrive' or the "Loblolly"
crogses the northeastern corner of Crant County in 2 northwesterly diresction.
Although the Gas City area is soutlmest of the main part of the chamnel, it
is possible that the water<bearing formations are connected to those in the
“Deep Drive". If this is true, the areal extent of these fermations may be
quite large., The depths to bedrock as determined from the lengths of driwve
pipes in oil wells indicate that the underlying bedrock surface i3 irregular
and that a tributary valley to the "Desp Driwve" may extend from the wicinity
of Fowlerton through Gas City and pass east of Marion,

Logs of the materials penetrated in drilling test wells 1 and 2 for
the Gas Gity Water Works and the pumping well 3 for the Owens-Illincis (ilass
Company, were furnished by tha driller, the Layne-Borthern Company. A dia-
grammatic representation of these logs is shown as Fig, 2, The log of test
well 2 indicated a LS-foot layer of water-bearing sand at s depth of 120 %o
165 fest below the land surfase, The cbhservation well was finished without
a well screen and ended as an open-end pipe in the lower part of this water-
hearing sand., The pumping well 3 at the Owens~Illinois (lass Company is
screened in a water-bearing formation of sand and gravel, extending from a
depth of 108 I'set below land surface to more than 1D feet helow land sur-
face, Inasmuch as test well 2 respomnds almost instantansously to changes
in puming in the Glass Company well, it iz evident that the two formations

sre hydraulically connected. The log of test well 1 shows primarily clay
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and sandy clay throughout the zones corresponding to the depth of permeable
layers in the other wells, and i% is probable that the well is located beyond
the limits of the water-bearing formation,

Analysie of pumping test resulis.

A% indicated by the data in Fig, 3, the water level at the site of test
well 2 during the test period fluctuated between 70 and 7?2 feet below land
surface or sbout 50 feet above the top of the water-bearing formation in
which the well was finished. Aguifers of this type in which the water level
rises to & stage above the top of the formation are termed artesian, The
tlay layer owerlying the water<bearing materisl acts &s an effective con-
fining layer to prevent ths escape of water verticslly; and water in this
material must move laterally between the confining boundaries dowm gradient
tc a discharge polnt which iz at present unknown. The relatively high hesd
in the formation indicates that the formation may trend upward to receive
recharge at an elevated intake area or by vertical percolation from some
water-bearing 2cne at a higher eleration.

If a 1line of test wells were inﬁtallaﬂ in this water-hearing material
and if observations of the depth to water in these test wells were plotted
to ssme definite datum plane, the resulting water level surface would be
termed the piezometric surface, %hen a well in svch a formation is pumped,
the Plezometric surface is drawm down in the vicinity of the pumping well in
the shape of an inverted eone, with its apex at the pumping well, From mea-
surements of the rate of decline of this surface or from measurements at two
ar more points on the surface at a given time, it is poseible to determine
the hydrauliec characteristics which define the spscific rate at which water
is tranamitted by the formation under a given hpdranlie gradient,

The rate at which a formation will transmit water is proportional Lo its
"coefficient of transmissibility", which is defined as the volume of water

that will flow in 2 unit of time under & unit hydraulic gradient through a

-6 -



verbical strip of the water-bearing material of unit width, extending the full
saturated thickness of the formation. The rate st which water is yielded from
storage by a formation as the plezometric surface declines is proportional to
its "ecoefficient of storage", which is defined as the volume of water, which
5 unit decline in head releases from storage in a vertical prism of unilt
crosa-sectlonal area whose height equals the thickness of the formatien.

This report outlines methods of analysis of the bghavior of the plezo-
metrie surface within the zone of influence of a pumping well based o-n the
following assumpbions: (1) the water-bearing formation is equally permeable
in all directions, {2) the formation is of infinite areal extent, (3) the
wells penetrate the full thickness of the formation, () the coefficient of
tranemissibility is constant at all places and at all times, and (5) the
formations release water from storage instantanecusly with a decline in water
level, Any diverpence of actual field conditions from these idealized assump-
tions result in variations and inconsistencies 1n the alignment of the
cbaerved data,

In addition to the record secured by the use of an automatic water-stage
recorder on test well 2, observations were made of the fluctuations of water
level in the two idle supply vells, 1 and 2 at the Owens-Illinois (ilass Com=
pany by using the existing air lines and an altitude gage. These readings
are shown in tables 1 and 2. Air line measurements were also made during the
drawdevm and recovery pericd on the pumping well 3 and the resulbts are shown
in table 3. The cbservations of the decline in water level in wells 1 and 2
and in test well 2 abt a given time represent two known points on the come of

depression.



Thiem hsthod

By using the Thiem equation}{ a value of transmissibility 1s caleulated

ag follows: r

2
. E27.70 logq, ¥y

8, ~ 8,

Bn =T {1}

“hare: F = field coefficient of permeability, expressed as the rate of flow,
in pallons per day, threugh a ecross section of one square fnot,
under a hydraulic gradient of one foot per foot.

m = thickness of saturated water-bearing material in foet.

T = coefficiant of tranmmissibility, expressed as the rate of flow
in gallons per day through a vertical strip of saturated water-
bearing mdterial, one foot wide under a hydraulic gradisnt of
one foot per foot,

To,r1 = distances of cbservation wells from pumping wells, in feet.

1,85 = drawdown of water ievel in observation wells, in feet.

527.7 x 750 x lag %%E
T = 1.5 T & = 65,000 Epd!"lft'
1,88 _(_;_u%__;_]

Inasmuch as the distances between the two cobservation wells and the pump-
ing well used in the above computation are of about the same magnitude, no
corrections have been applied to the observed drawdown figures to compensate
for the residual drawdown as is done in the other method used in this paper.
Unfortumately, the two observation wells so closely correspond in distances
from the pumping well and in total draswdewn, that thers may be considerable
error in using this formula, 4 small error in the air-line measurement would
result in & very large error in computing the difference in drawdowns, which
revresents the denowminator of the abowve equation. As may be seen from in-
spection of this equation, the drawdosm—difference is less than one oo, and
any small changes in this value would result in very large changes in the
value of transmissibility.

1/ Wenzel, leland K., The Thiem method for determining permeability of water—
bearing materials., U.S. Geol. Survey Water Supply Paper 679-4, 1936,
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The Thiem equetion 1z limited in its applicetlon bocsuss it sssumes that
tha cane of depression, in the erea of the observation wells, has reached
"equilibrium”, or hes sttained en unvarying shepe, Ilore precissly, it assumes
thet the radisl {lmv toward the mell hms hecome ''steady”, or unchenging vith
time. Two or more cbservation wells are remuired because the usage of the
fermule is based on the drewdovm at two or more poinkts on the cons of depres-
sien st e given time. That is, it necessitates e lmowledgs of the shape of
the cone of depression et & glven tima.

Theis Graphical Method.

2/
An eguation for "non-stemdy” radial flow dewsloped by Theis introduces

the tims element and permits sn ehslysis based on the rate of deeline of the
vater level in a single observation well, or om the shepe of the oone of dew
nression et ary given time, using two or more obgervation wells as the Thien

method does. The Theis eguatior is expressad as follows:

Fs_
110,56 @ /" -

g =TT

T u du (2)
Vv L.87rEs
T%

"hers: § = drowiotm of water lewvel, in fest.
3 = dizcharge of pumpsd well, In gallens per minute.
r = distance of ohservetion well from pumped well, in {eet.
T = ¢cpefficiant of tranamissibility in gmllions per day rer
foot, under wnit hydraulic gradisn,
8 = soefficient of storage, as & retio or decimal frection.
t = timo well hes hesn pumped, in deoys.

The exponentiel integral of the above epuation 1s repleced by the term
T{u) vhieh is resd "well-function of u", end the equation iz rewritten as
folleovs:

o - 16 Qg (3)

_/ Theis, . V., Tha relaticn betwesn the loworing of the piezemetrie surfase
end the rate and duration of discharpe of & well uaing grownd=water
storage: Am. Ceophys. Union Trems. 1$3%, po. F19-52L,



The value of the integral is given by the following seriesg

2 3 N
-0,577216 - loggu + u ~ u n i

W(u) = 721 3031 L (L)
1,87 rES
where n = -"—Tr' (5)
Values of ¥W{u} for values of u betwsen 19_15 and $.9 are given Ly

?hnzaléf Tt is seen from equations {3) and (5) that if the coefficlants of
transmissibility and atorage are known, the drawdown c¢an be computed for any
time and for any point on the come of depression. Conwersely, if the draw-
down at two or more points at a given time are known or if the rate of draw-
dewn at a given point 1s kmown, the coefficients of wransmiscibility and
storage can be computed. 4 graphical method of superimpesition devised by
Theis greatly simplifies the use of the non-steady flow equaticn through the
use of a "type curve", and eliminates the need of repeatedly solving the
sbove series for different valuea of u. This type curve is a plot on loga-
rithmic coordinates of the value of W{u) against values of u. Equations {3)

and (5) are rewritten as follows:

- B8 S ©)

v ey 0

The bracketed portions of the above equations are constant in value for

Mma

a given pumping test, It is seen that & is related to rzft as “{u} 1s re-
lated to u., Then by pletting values of the drawdowrn B against values of
rzft on logarithmic tracing paper to the same scale as the type curve, T(u)
against u, a curve of the ochserved date is developsd which is similar to the
type curve. The graph of the observed data is superimposed on the type curvs
and with the coordinate axes of the two curves parallel a position 1s found
by trial for which most of the plotted points fall on the type curve. YWith
the curvas in this positiocn, an arbitrary point is chosen on one graph and

3/ Wenzel, leland K., Uethods for determining permesbility of water-bearing
materials: U. 8. feol. Swrvey Vater Supply Paper B87, 1%h2,
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from the corresponding points on the other greph the values of 5 =2nd T are
determined., The value of 7 is caloulated from eguation (3) -ud thils velue is
used in equation (5) for the determination of the value of 3.

Fig. 3 shows the fluctuation of mwater level in test 12ll 2 of the Gaa
City “-ater Torlis caused by pumping well 3 of the Orens«Illincis Gless Company.
The deshed line curves represent the extrarolation of the estimated recovery
or drawdewn curves cnd these sre the boese lines from which the totel drawdown
or recovery ls measured. That is, if well 3 had not becn pumped, the vater
lawsl in test well & supposediy rould heve recovereod as showm by the deshed
line lebeled "estimated tecovery". Tie total dremdoim at & givon time is the
sum of the observed drewdorm end the estimetsd recovery at that time. Values
of the totel drawdown end the corrsaponding velues of rgft are shovm in teble
[l These dets are plotted on logerithmisz coordinates in Fi;g.' I, md by supsr-
imposing this graph on the type curve, Fip. &, o "metching uoint' vwas selected

at the waolue u = 0.1, The coordinetes for this point sra ss Tollows:

frem type curve from test dets
ur 0,1 22/ = 470 x 109
{u) = 1.82 5 = 1,96

Substituting thess values in equations (3) and {E}, Tle ave

114.6 0 x 1,32
T = 4 :EET';{J = ~= 90,800 mpa/Tt.

0.1 x 79,600 "
5 =T8T =® L.70 x 100 < 9-1 x 10

Fellowing the same procedure end using the water level recovery dotm

shovn on Fig. § a second set of wvalues of T rnd 5 are computed ss fallews:

115,66 = 7r0  1.82
T x =-Es-s et S = 87,000 gpd/fet.

0.1 x 97,100

S= ¥R x 1 T 12 x 1o~k

- 11 -



The averags values for T and S are then

T4 = 79,800 gpd/ft.  Sg = 9.1 x 107H
1

T = B7,L00 Sp = 7.2_x do-h
T4 = 83,600 O Sq = 8.2 % 10°4

Using the average valus of T = 83,600 gpd/ft., and from the log of test
wall 2 the thickness of the squifer, LC feet, ths average permeability of the

meterisl 13 computed sz Tollowrs:

P=T< 83,600 .1, 860 gpd/rs.2
m 5

HDecovery Method

4 modified form of equation (3) hes been devalened by Theis = whioch
parmits the determinetion of the ceefficient of transmissibility froﬁ meASUT O
mente of the rate of recovery of the water level in the pumping well after
shutdorm or in af obdervetion well relatively close to tie punping well, This

aquetion ia vritten as foilows:

7 o 200 Q¢ 1ogl0 (£/t!) {8)
3
“Thers: = = cosfficient of transmissibillityr, in gsllaons zer dey per foot.
Q = discharge of sumping well in gellons per wminute.
t = time szince pumping stertod.
tf= time sinee pumping stopped.
s = residual drewdown of wster lowvel, in fest.

The residusl drewdown, s, 1s thg differenceo between tho statie water
lovel prier to the start of pumping wnd the woterr lovei at & given peint dur-
inz the recovery, Thess data sre shown in table 7. Tho eppllcetion of this
squation is greatly simplified by plotting the date on seml-logarithmic co=-
ordinates with values of (t/t') plotted on the lop scale and vslues of 3 plot-
ted an the rectengulsr ecoordirnsts scale, as shewn in Fig. 7.

Tie wvalue of T iz compubecd from the slops of the streight line through
the plotied points. Inosmuch os the logarithms cro telen to the base 16, it

EI/ Thﬂiﬂ,. Gi V., I:IP- Gitl, P- 5221

- lg =



iz convenient to measure the s-intercept between the intersections of the
line of plotted data and a set of axes related by scme integral power of 10

as shown on Fig. 7.

26l % 750 x log,, {’-*119‘1

715 = 90,00 gpa/ft.

Ther: T =™

This method did not give consistent results when applied te the recovery
of water lovel in the pumped well. As shown in Fig. B the diameter of the
well sercen is 18 inches whereas the diameber of the casing, in which the
water level changes are moasursd, is 30 inches, It is  pessible that the
inconsistencsy of the recovery measurements in the pumpod well may he the

rosult of this large cheange in casing volumw,

Laboratery determinations of permeability.

Samples of the water-bcaring material were collected by the driller ab
S-foot intervals during the drilling of test well 2. Screen analyses and
permeameter tests were made for each sample by the Layne=Northoern Company
and these data are shown in table 6. The average permesbility of 2,060 based
on the permeameter results is in good agreement with the average permesbility

of 1,860 determined by the pumping test.

Summary of computations.

& recapitulation of the resulta sbtained by the various methods 1s

shevm in the following surmary:

- 13 -



lethod T
IEE;IE-j
Thiem profile 65,000

Theis graphical
drawdown 79,800
recovery 87,400

2.1 x 10
7.2 x 10

-4

hverage 83,600

Recovery 20,400

Fermeameter 92,700

B,2 = 10

-4

Comments on application of methed
to data for this test,

Dnly two points available on profile
and these pointa are at nearly the
game distance from pumping well,
Hence small errors in drawdown mea-

surement greatly affect the walue
of T.

Yields maximum return for limited
data available. Some error intros
guced because pumping well declined
In yield progressively during test.

Only later measurenments applicable
becavae observation well is at
appreciable distance from pumped
well wherass derivation assumss that
distance is negligitle.

Satisfactory as check method, but
frequently yields erratic results
because of difficulties in repacking
sampls in the permeamster to approx-
imate the packing of the undisturbed
material,

The average values for the cocfficients of tramsmissibility and storage

determined by the Theis graphical mathod are used in the following compu-

tations of the interference effects of the proposed well.

Interferencg Computations.

When a well is pumped the conc of depression on the water-table surface,

or, in this case, the piezometric or pressure surface, progresses as rumnping

continvwes, When the cones of depression of two o mere wells overlap inter-

ference ccowrs with a resultant loss of yield or increase of drawdowm in

e¢ach well, In practice, if the punp bowls are set at sufficient depth amd

if the pump can maintain the increased 1ift, the operator will maintain the

well discharge at 2 constant rate and permit the drawdorm to increase when

interference oecurs., However, if the drawdown is maintained constant be-

cause of limited pump capacity or if the pumping level iz limited by the bowl

setting then the well discharge declines when interference occurs. In the

following discussion both cases are considered in the evaluation of the es-
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timated interference effects of the proposed well for the Gas City Water
Works and well 3 of the Owens-Illincis Glass Company. Inasmuch as the pre-
cipitation or recharpe to the agquifer eauanoct be predicted, it is assumed for
the basis of comparison that the recharge is zero and both wells pump coniih-
yously from storage for a pericd of & months, Although this candition might
appear to he a severe restriction, at first consideration, it ig not uncommon
for drought oeriods to exceed 4 morths or for water levels to decline pro-
gressively for periods of more than & months.

Case I

Assumptions: (1) Gas City well dischargc = Owens-Illincis well

discharge.

{2} Contirvous operation for © months = 183 days.

{1} #1] withdrawals are from storage, i.e., no rucharge.

{1,) Total drawdown for each well iz limited to the draw-
down that would oceur in one well operating alone
under the conditions assumed in (2) and {3}.

{5} "Effective” radius of well = nominal redius of screen

The drawdown of water level in the Creps-Illinois well operating alone

at 500 GPH with contimmous withdrawnl from storage for 6 months is computed

ag follows:
T = 83,500 gpd/ft. Well diametor = 189 Q = 500 GPU
5 =82 lﬂ_h all podius = 9 o= or o= (G.751
= 183 days r? = 0,563
yow 287 xS 18?::13563::32-5?ng11

T 83,600 x 103 x 0%

from table 3‘, Wiu)} = 23.0

11,6 x @ x ¥{u) llh 6 x 500 x 23.0 _
- ik 53 rale) 15 -T fest

Tt should be noted that the computed drawdoewn for the pumping well is
less than the actual drawdown by the amount of head-loss required to pass
the given discharge through the well screen, An approximation of the screcn-

loss can be made by comparing the observed drawdown for the present test with

- 15 -



the computed drawdown for the agquifer without & screen, All elements in the

ahove example remain as noted except

750 GPY and © = 87 05 = 1/3 day

183 1w . 3,1 x 1078
73 * 5.7 x 10 3.1x

¥
1

then it

Wia) = 16,71

W 1.6 x 750 x 16,71 _
8 Hj}ﬁﬁﬂ = l?ﬁZ fert

Az shown by table 3, the cbzerved drawdown declined from a maximum of
23.7 feet to 20.0 feet bacause the well discharge declined as the total lift
increased with the filling of the elevated storage tank. Inasmuch as metered
records of the fluctuations in the well cutput are not availabla the dis-
chargs rate was approximated at 750 GPU as reported by the owner and there-
fore the drawdown is approximated as the arithmetic average of the drawdowns
at, pearly equel intervals of time during the test period, Using the observed
average drewdovmn of 21 .8 fest the head loss through the well sereen at the
750 GPY rate ie 21.8 - 17.2 = 4.5 faet. For a given well the screen loss
varies as the square of the discharge. .Then the screen loss for the SO0

500°
(iP¥ example is = X L.,6 =2 fest,

Adding thaTgSreen loss to the compubtod drasdomn in the aquifer at the
well face, the total drawdown at the snd of the &-month pericd of withdrawal
from storage, at 500 OFM, iz 15,7 feet & 2 fect = 17,7 fest.

Limiting the drawdown in sach well to the drawdown of the single well,

.., 17.7 feet, tho equation i8 set up as follows:

For Owens— 1.6 x Q{ny) ILLE x Qgii(ugy) 2

T)linois Co, o = 1.7 T + oy 5L e BRS  (10)
. 1th,6 = 0 ¥{u } 11h.6 x @.%(u. )

Tor Oas City £ g g Uy 2

Tiater Vorks sg = 17.7 = T * T B s BQg (11)

In gach gguation the first drardown factor is the evaluation of the ef-

fect of the well on itself, the second term represents the interference effect

- 16 -



of the other mell and the third tern indicrtes the head less through the well
screen. It has been assumed that each well is identical in construction.
The "{u) for the well operating alone was computed above as ¥(uw} = 23.0.

The "T{u)} factor for the effcet on the compamion well is computed as
Follows:

T, 5, t 28 before r = 80h foet

2
1.87 x BOL x 8.2 -5
th = = A6 x 10
on v 83,660 x 183 x 10*

from table 3 » Hlu) = 5.05
Substituting the appropriate velues in cquation (10) there follows:

114.6 x Qg x 23,0 11,6 % Qp x 7.05

17.7 = 87,600 - 83,600 ¥
a,2 1.2
15.7 = do * q
102 27 ¢ B
or 1570 = 3.2 Qg + 1.2 Qg

1

and similarly 1570 1.2 Q5 + 3-2 4
by symetry Qo = Qg

then 1.2 Q, + 3.2 Q, = 1570 = L.i Gy = L,b Qg
%.%-%-35?ﬂm

fase II

Assumptions: oSame as Cnse T cxgept

so = 15.7 ft.

It

Aramdomn 2% the wall-face produrad by Owens-I1lincia
well if pumpad alene, at 500 GPM, for six meonths, from
storage only.
5 = 12.6 ft, = drawdown at the well~face produced by Gas City Vater

B Ylorks woll if pumped alens, at LOO GFM, for six months,

from storage only.
Then equations (10) and {11} ars modificd as follows:
3.2 Q5 + 1.2 Qg = 1570 {12)

1.2 Q5 + 3.2 Qg = 1260 {13}

- 17 -



Multiply (12) by 3.2/1.2 and subtraet (13} as followm:

E'-S QQ r 3.2 Qg = hlgﬁ

1.2 QCI + 3-2 :lg - 12'6'3

7.3 Qg = 2930
Q, = 2930 = 401 GFM

Te3

Then from {12} 3.2 = LOl + 1,2 Qg a 1570

QE = %%g » 242 GPM

Cage III
Assumptions: Same as Case I excspt

Sqg = 20,4 ft. = drawdown at the well-face produced by Owens-lllinois
well if pumped alons, at 650 OGP, for six months, from
storage only.

= 12.6 #t. = draydown at the well-face produced by Gas City Tiater
Works well if pumped alons, at hO0 GPM, for six months,
from storage only.

Sz

Then equatiens (10} and {11) are modified as follows:
3.2 Q, + 1.2 O = 2040 (1h)
1.2 Qg + 3.2 Qg = 1260 {15}
kultiply (14} by 3.2/1.2 and subtract {15} as follows
8.5 Qo + 3.2 Qg = 5LLO
1.2 @, + 3.2 Qg = 1260

Ta3 U = 1,180

180
= 210 . G
Qo 3 573

From {14) 3.2 x 573 + 1.2 Qg = 20hO

Qg = 25 = 178 o

The three cases computed above on the basis of a fixed pvmping level

gre recomputed on the basis of fiwxed pumping rates,
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Croe IV

Assumptions: Same as Case I except Qg = Qg = 500 GPE and pumplng level
does not remsin constant

Sp = S5 = drawdown 1n Owens-Illinois well and Gas City Water Works wsll

sg = (drawdown by its own pumping) ¢ (drawdown by Gas City pumping)

1.6 x Qo x Wug) . 1.6 x Qp x Wluep)

83,600 83,600
_ 11,6 x 500 x 23,0 | 114,6 x 500 x 9.05
_ 63,600 83,600
Eg = 50 = 151-'8 + 5-2
Sg = 5y = 22,0 faet = drawmdown in formation
2.0 serzen loss, estimated
o1.0 fect  total drawdowm
73.0 assumed static lovel depth to water at Glass Co.
97.0 pumning lavel,; in feet below land surface
bottom of pump bowls = FL7
Casg V

Assunptions: Same as Case IV except Qg = S00 GFK, Qg = LOO GFu

11,6 x 500 x 23.0 . 1iL.6 x LOD x 9.05

then g, &
° 83,600 83,600
= 15 .a ¥ 51{:'
Owens=
Tliincis = 20,8 fret = drawdown in formation
Glass Co. = screen loss, estimated

2.0
?7.0 feet Latal drawdovm
13,0 assumed static lewvel depth to water at Glass Co.
purping level, in feet belew land surface

bottom of pwrp bowls = Sh!

g ® 83,600 ' 83,600
(tas City o
Water Works = 12.6 * 6.2
2 = 16.8 feet = drawdown in formation, at well face
{hDO] x2 = 1 = Seprsen loss, estimateé
500 19,8 feat  total drawdown
&7 assumed statie level depth to water at
= W o
a7 pumping lewel, in fost balowa ﬁﬁdqgﬁkﬁace
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Caze VI

Assumptions: Same as Case IV except Qg = 650 GPE: and Qg = LOO GIM

than sy o=
Chwans-
I1linois
Gilass Co. =
{;ﬁﬁ} * 2 -
Eg-
Gas City

Water Works ™=

11,8 x 650 x 23,0 11h.6 x LOO x 9.05
83,800 v 83,600

20,5 + 5.0 = 25.5

25,5 feet = drawdown in formation

3.4 = scraen loss, estimated

28.9 feet total drawdowm

3 assumed static level depth to water at Glass Co,
102 punping lewel in feet below lend surface

bottom of pump howls = oht
12,6 + 1lh,6 x 650 x 9.05

x
12,6 B.1

20,7 feet = drawdown in formation, at well face
1 = gsereen 1oss, estimated

——

21,7 feet total drawdown
&7 assumed static level depth to water 2t Water Torks

E9 pumping level, in feet below land surface

A recapitulation of the interference computations is presented in the

following summaryr:

Estimated interference sffects between wells of Owens-Illinois Glass Co,
and Gas City Water Works for different operating conditions.

Drawdown Constant

Case

1

2

THecharge in GFM

Drawdoem Ratio Owens-Illineis Co, Gas City Water ‘orks
Sotag = 15.7:15,7 357 357
Boidg = 15.7:12.6 Lo1 2Lz
Sgi8g = 20.4:12.6 573 175

- 20 -



Discharge Constantt Drawdown in feet and pumping lewvel in
feet below land surface

{wens-lllineis Gas Gity
Case No, IV v Vi v T VI
Well discharge in GPM 50D £30 650 500 hoo  Loo
Drawdown~caused by own pumping 17.8 17.8 23,9 17,8 13.6 13,6

" "M gther well pumping &.2 5.0 5.0 6.2 &2 8,1
fl total oh 0 22.8 28,9 2h.0 19,8 21.7
Static level = feet below land surface 73 T3 73 67 67 67

Pumping level - feet below land surface 77 96 102 91 87 8o

Although the estimated pumping level for the Owens-Illinois Glass Co,
well 3 ranges from ? to 8 feet below the bottom of the present pump-bowl
setting, ¥, E, Gunderson of the Layne—lNorthern Company indicated that pumps
of tais type will operate satisfactorily at levels as much as 1O feet below

the bobtom of the pump bowls,

Discussion of HResultd and Conelusdions.

The primary consideration of the well-cperator is the maintenanca of a
constant discharge from each well, with little importauce attached to small
inereases in drawdown or pumping level, until a level is reached that will
result in a reduction of pump capacity, If the wells are of sufficient depth,
the pump column can be lengthened to compensate for the lowered water level,
If the increased withdrawal of pround water by the new wells does not raise
the total withdrawel from the aguifer beyond the total available rechargs,
then the pumping levels will eventually stabilize at a level commensurate with
this rate of recharge, The net effect of the new wells will be a slight in-
crease in pumping costs becsuse of the lowered pumping levels. However, the
continued addition of new wells in a given aguifer will result in overdevelop-

ment when the total dizcharge exceeds the total available recharge and there
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follows a progressive decline of water levels within the zone of influence
of this overdevelopment, "ell owners keep pace with the water level re-
cession by progressive lowering of the pump-bowl settings until the bottom
of the wall or aquifer prevents any additional lowering of the pumps, Then
the condition of fixed drawdown or pumping level applies and further de-
elines result in reductions of the well yields as shawn by Cases I to III.
The "safe yield" of an aguifer depends on the area of the formation st
its outerop, the average rate of recharge by precipitation or other sources,
whether natursl or induced, and on the mumber, diameter and distribution of
wells vhich fixes the head distribution and hence the "lnduced" drawdown,
There are not sufficient data available to determine the location or areal
extent of the cuterop of the aquifer or the average annual rechargs rates
for this arez, The collection of these data would recuire an intensive 1n-
ventory of wells, pumpage and well logs in the Gas City area, and the con-
tinuing measurament of ground-water levels in selscted observation wells over
a period of at least several years to determine the relationship betmeen
rrecipitation and recharge, However, from the experience of the Owens-
T1llineis (lass Company it is known that no large decline in water level has
pccurred in well 3 which has been in operation since 1937, Tais in 1tself
is, of eourse, no guarantese that water levels will not decline if the total
pumpsge from the agquifer is about doubled as will be the case with the
addition of tha Gas City Water Works well, As pointed cut in the discussion
of the geolopy of the area, there is secme evidence Lo indicate that this
zquifer may be a part of a buried valley of considersble sxtent and if true,
relatively large quantities of water could be pumped without serious de-
clines in water level, In addition, the rock wells undoubtedly can be
depended on to yield some water if such need arises in the future. Although

the immediate effect of the new well on the existing wells will be only a

small ingrease in the drowdowvn or pumping level, it would be advantageous
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for both the Gas City Water Depariment and the (wens-Illirois Glass Company
to keep accurate records of the pumpage from thelr individusl wells, and
records of the static and pumping levels in theze sells and make periodic
ohservations of the fluctuations of water lewvel in unused wells at these
plants: These data will indicate the trends in the weter levels, will serve
a5 the basis for forecasting the effects of the new development, and may

provide the mecns for estimating tho sefe yield of the nguiler.

Leknowrledgement -- The writer wishes to express his appreciation for the
advice and assistance given by C. &, Williawms, consulting engineer for the
City of Gas City, Indiocnay T. 5, McKee, supi, of the Gas City Waoter Works,

H. B, Gunderson and Q, ¢, 3chwiler of the Layne-Northern Company of Mishawaka,
Indiana, Ry Gy fGarland, supt, of the Owens-Illinois Glass Company, and F. i.
Klaer, Jrij geologist in charge of ground-water investigations in Indiana,

of the U, £, Geologiral Survey.

Indianapolis, Indiana,
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Fig. 2 = Logs of wells for gaa City water Works and Owenn-Illinois gimsms Co.,
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Figure 8. Disgram showing censtruction of Well No. 3 of the Owens-Illinoias
Glsas Company at Ges Clty, Indiana.
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Table No, 1, 4Altitude gage measurements of fluctuation of water level in
"ell Mo, 1 of the Owens=Illinols Glass Co, at Gas City, Ind.

Observed
®ateh Pump time in minutes Altitude drawdorn (=)
time since pump started gage or

or stopped {feat) recovery (+)
(feet)
June 39, 19hh

Drawdown
1:21 FM - an —
1:hé 17 29.6 ~0.h
2:2L ] 29.5 =0.5
L306 157 28.9 -1.3
6:52 324 28 1.6
8:24 L15 28,1 -1.5
g:2L L5 28.h -1,6

Recovery
9:53:30 19.5 a0 ¥1.6

11:13 39 30 +1.6




Table No. 2, Altitude gage measurements of {luctuation of water level in
Tell Yo. 2 of the Owens-Illincis Glass Co. at Gas City, Ind.

Dbzerved
Punp time in minutes Altitude dramdown | ~)
Watch since pump started gage or
time or stopped {feet} recovery (+)
a L {feet)
June 19, 15Lh
Trawdown
1:22 PM - 2.0 -
1:50 El 23-3 "'GaT
2128 59 23.0 -1.0
14 :0% 160 22.6 -1l
0:55 326 22.L -1,6
b:26 L1Y 22,4 1.6
9:26 LT 22,4 -1.6
Recovery
9:55:30 21,5 23.1 +0.7

11:35 101 23.8 +1.h




Table No, 3. Altitude gage measurements of drawdown of water level in Well
No. 3 of the Owens-Illinois (Glass Co,. at Gas City, Indiana,

Pump time in minutes Altitude Observed
Watch since pump started gage drawdown
time or stopped {feet) {feat)
June 1%, 1%L

1:28 PM —_— o5 —_——
1:29:22 0,37 L5 10
1:29:L3 0,72 Lo.E 14,5
1:3(] 1.00 3?45 1? .5
1:30:15 1,25 36 19,0
1:30:38 1,63 35 20.0
1:31:08 2,13 32.5 22,5
1:31:22 2.37 32 23.0
1:32 - 1.0 31,5 23.5
1:34:30 : 5.5 31,3 23.7 1/
1:56 27 31.5 23.5
2111 . ke 91,6 23.h
2:36 |67 31.6 23.k 1/
3:16 107 32.2 22.8
3:38 129 . 32.3 22.7 1Y
3:57 e 2.6 22.h
h:25 176 33.3 21.7 1/
6:L7 318 - 34,0 21.0 1
9117 W68 35.0 20.0
9:32 L83 35.0 20.0 1/

7/152.8
average -:Lm

y ~ Used in determining average drawdown.



Table ¥o. L. Drawdown of water lewvel in Gas City Tater Works Test Tell 2 pro-
duced by pumping ell 3 of the Oyens-I1lincis Glasa Company at
Gas City, Indiana.

Depth to Depth to
water in water in
Fump ft. below Total Pump ft. below Total

Wateh time inmeasuringdrawdewn Tatoh time in measuring drawdown
time  mins, opoint  in feet rzit time mins. point  in feet r2/t
12:30p -5% 70.L6 2:31p 62 70.71
12:145 ~lly 70.33 2:33 6l 70.73

1:00 -2¢ 70.22 2135 &6 1074

1:09 ~20 70,18 2137 68 70.77

1:11 -18 70.17 2:39 70 70.79

1:13 ~14 70,16 2:41 72 70,81

1:15 =14 70.15 2:03 h 70,82

1:17 -12 70,13 2:45 76 70,84

1:19 -10 70,12 2:h7 18 70,85

1:21 -8 70,11 249 a0 70.B7  1.10 1,16x107
1:23 -6 70.10 2:51 faz 70,88

1:25 -4 T0.09 2.53 8L 70.50

1:27 -2 76,08 2356 86 70.91

1:29 0 2357 88 T0.9h

1:31 2 10.06 2:59 G0 70.95

1:33 L 70,05 3:01 72 T0.97

1:35 6 70.06 3:03 9l 70.98

1:37 8 70.07 3:05 96 70,93

1:39 10 70,09  ©.07 9.30x107 3:07 9B 71.02

1:41 12 70,11 3:09 100 11.03 1,31 9,30m20°
1:43 1 10,14 3:11 102 71.03

1:h5 16 70,17 3:13 10L TL.0l

1:47 18 70,19 3115 106 71,06

1:40 20 70,22 0.2L L.&65x307 3:17 108 71,08

1:51 22 70,24 3:19 110 71.09

1:53 2h T0.27 3321 112 71,09

1:58 26 T0.29 3:23 11k 71.11

1:57 20 70,32 3125 116 71.13

1:59 30 70,35 0.1 3,106307 3:27 118 71.1)

201 32 70.38 3:29 120 71,15 1,48 7.75x100
2103 3 70.40 3:31 122 71,154

2:08 36 7012 3:33 12k 71,18

2:07 1B 70,44 1135 126 71.18

2109 bo  70.L7  0.57 2.3x107 3:37 128 71,20

2:11 L2 70,049 3:30 130 71,20

2:13 Lt 70,51 3:h1 132 Ti.21

2115 hé 70.54 3:43 134 71,22

2117 L 10,56 315 136 T1.23

2:19 50 70,58 347 138 71,20

2121 g2 70.61 3:,9 10 11,25

2:23 Sl 70,63 3:51 12 71.26

2195 56 70,66 3:93 1 71.26

2:27 58 70,67 31R6 6 71.29

2129 60 10.4% 0.85  1,55x107 3:57 1,8 71.30




Table Na, 4. == Continued

- Llepth to Lepth to
water in water in

Puomp ft. below Total Pump ft, below Total

Watch time inmeasuringdrawdown atch time in measuring dawdown

time  mins. point in feet r2/t time mins. point__ in fest 12/t

3:5%p 150 7L,31
s 01 152 71.33
03 150 713k
li:05 156 713
1207 158 71:35
L,:0F 160 71,36 1.17 5.81x1af
1l 162 71.38

L:13 15h 71,39
n:15 166 71.39
1117 168 71.LO
1318 170 7101
L:21 172 TL.L2
hi22 17h  71.h3
hi2% 176 71.h4
27 178 71k
hies 180 T1.h85
Li31 182 71.L6
b :33 18, 71.47
11135 186  71l.L7
37 188  7L.L@
Lt 39 190 71.L5
kL 200  71.50  1.98 hW.65x100
500 211 71.52
0:15 226 71.57
5130 ol 71,62  2.16 3,.B6x100
5:L5 256 71.66
G100 271 71,69
6115 266  71.71 2.30 3.25x100
G230 01 7l.73
6308 316 TLTT 2.39 2.%x1ob
7100 331 71.79
7:1R E1s) TL.BO
4132 363 71.82 2.h9 2.56x10°
e 376 71,64
B: 00 391 71,85
L 406 71.B7  2.57 2.29x10b
B1130 421 71.88
B:LS 136 71.90  2.62 2,13x108
9:3h 4B 7LoL 2,68 1.92xxcd




Table No. 5, Recovery of water level in Gas City Water Works Test Vell 2 produced
by shutdown of Well 3 of the Owens-Illinocis Glass Co. at Gas City,

Indiana.
Tepth Lo Diepth to
water in water in
Famp  ft, below  Total Purp ft. below  Total
Watch +time in meaSuring recovery Tateh time in measuring recovery
time mins, oint in feet r2/t time mins, cint in feet r2/t

6/29/h1
9:3hp 0 1194 10:53 79 70,69 1,30 1.18x107
9:37 3 71.54 10:55 81 T0.66
9:39 5 71,94 10:57 63 70,65
9:h1 7 71.93 10:59 8BS 70.62
9:li3 9 71.91 0.03 1..03x208 11:01 87 70,61
9:45 1l 71,87 11:03 B9 70.59
9:47 13 71.83 11:085 91 70.57
9:4,% 15 71,78 11:07 93 70.55
9:61 17 T1.73 11:09 9% 70.53
9:53 19 T1.68 0.28 1,.90x107 11:11 57 70,52
9:65 21 71,63 11:13 99 70.50 1.50 $.39x108
G:57 23 71.58 11:15 101 70,48
9:59 3] 71.51 11:27 103 1047
10:01 27 71,48 1:1% 105 T0.L6
10:03 29 71.h3 0,53 3,21x107 11:21 107 70,40
10:05 3l 71,39 11:23 109 70.42
10:67 33 71.34 11:25 111 70,41
10:09 35 71.30 11:27 113 70,40
10:11 37 T1.26 11:79 115 70.38
10:13 39 71,22 0.7 2.38x107 11:31 117 70,37
10:15 kl 71.17 11:35 119 70,35
10:17 43 71.1L 11:37 121 0.3
10:19 Lg 71,11 11:39 123 70.33
10:21 7 T1.07 11:41 125 70.32
10:23 L9 710, 11:h3 127 70.31
10:25 51 71,02 11:45 12§ 70,29 1.72  7.21x100
10:27 g3 70,99 11:h7 131 70.28
10:29 &5 70.96 11:4% 133 T0.27
10:31 BT .93 11:51 135 70.2%
10:33 59 70.91 1,07 1.58x107 11:83 137 0,20
10:3% &L 10,88 11:55 139 70.23
10:37 £3 70.86 11:57 1l 70,22
10: 39 &5 70,812 11:59 143 70.21
10:41 a7 70,81
10:L3 63 70.79 6/20/Lh
10:45 71 70,77
1047 73 70,75 12:01a 1hG 73,20
10:h2 75 70.73 12:03 147 70.19

13:51 71 70,71 12:05 145 70,16 1.83 4,2l106




Table No, &, Sieve analysis and permeameter rasults}ffor sand sarmples from
Test Well 2 of the Oas City Water Works at Gas City, Indiana.

DEPTH AT WHICH SAKPLI ®AS TAKEN

PO TN

SCREEN 120 125 130 135 o 1S 150 188 160

to to to Lo o to o to to
OPENTIIG 125 130 135 140 L5 150 156 160 165

Percentepgs of total sample by volume retained on screen apening
specified in left hand column when that screen aleone is used.

131 0 0 0 I 2 0 0 0 L
el 0 3 L 28 11 2 3 713
H328" 0 n 4 53 _ 38 7 11 W37
LOL6L" 5% 73 8z B3 Bo 67 70 &  7é
L0082¢ 93 95 58 98 98 95 g2 93 96

Timeg 1n Seconds
Thru Permeamster
using OLOF water 269 123 98 91 197 196 176 180 134

Permeability in

Meinzers Units

at 55°F 1130 2470 3110 2240 15ho 1510 1730 16L0 2210 Totel
18,5680

Avge, P = 2060

}/ Data furnished by Layne-Northern Company at Mishawaka, Indiana,



Table Mo, 7, Residual drawdown of water level in test well 2 of
the Gas City Water Works at Gas City, Indiana.

Time in minutes Time in minutes Residual
gince pumping since pumping drawdown

stopped started t/tr (feet)

t! t 5

11 . L 96 LSl 1.87

21 506 2.1 1.63

29 51 17.7 1.L3

39 521 13.h 1.22

L9 531 10.8 1.0k

59 5l 9.17 0.7

67 552 8.24 0.81

77 562 7.30 Q.71

B9 57h 6.45 0.5

101 566 £.80 0,48

125 610 .68 .32

1,9 &3l .25 0,19






